S-layer protein isolated from Bacilus coagulans E38-66 could be recrystallized into large-scale coherent monolayers at an air/water interface and on phospholipid films spread on a Langmuir-Blodgett trough. Because of the asymmetry in the physicochemical surface properties of the S-layer protein, the subunits were associated with their more hydrophobic outer face with the air/water interface and oriented with their negatively charged inner face to the zwitterionic head groups of the dipalmitoylphosphatidylcholine and dipalmitoylphosphatidylethanolamine (DPPE) monolayer films. The dynamic crystal growth at both types of interfaces was first initiated at several distant nucleation points. The individual monocrystalline areas grew isotropically in all directions until the front edge of neighboring crystals was met. The recrystallized S-layer protein and the S-layer-DPPE layer could be chemically cross-linked from the subphase with glutaraldehyde.
Two-dimensional crystalline surface layers (S-layers) represent the outermost cell envelope component in many bacteria (for reviews, see references 2, 5, 9, 12, 23-25, 27, 28, and 32). S-layer lattices are formed of assemblies of a single protein or glycoprotein species (Mr, 40,000 to 200,000). Most S-layer lattices exhibit either oblique, square, or hexagonal symmetry with spacings between the morphological units of 3 to 30 nm. With respect to their inner and outer faces, S-layers are highly anisotropic structures with regard to their topography (1, 5) and physicochemical properties (14, 18, 19, 22) . Permeability studies revealed that S-layers have the potential to function as selective isoporous molecular sieves in the ultrafiltration range (18, 20) . Isolated S-layer subunits of many organisms have shown the inherent ability to reassemble into two-dimensional arrays either in suspension or on solid surfaces upon removal of the disrupting agents (for reviews, see references 26 and 30) . Since S-layers are periodic structures, functional groups such as carboxyl, amino, or hydroxyl groups occur on each constituent protein or carbohydrate moiety in an identical position and orientation (for reviews, see references 15 and 17) . Thus, the arrangement of macromolecules bound to an S-layer lattice frequently follows accurately the crystalline structure. Because of this characteristic feature, S-layers represent novel immobilization matrices and patterning structures for applications in molecular nanotechnology (15, 16, 21, 30) .
The possibility for generating extended areas of coherent monolayers of the crystalline arrays appears of particular interest for studying the physicochemical surface characteristics and the ultrastructure of S-layers, their permeability properties, and their potentials for specific interactions with molecules, cells, and surfaces. As suggested previously, S-layers may also be used as supporting and stabilizing structures for Langmuir-Blodgett films and reconstituted biological membranes (13, 16, 20, 29) . Such composite structures will not only mimic the molecular architecture of * Corresponding author. those archaebacterial cell envelopes which are exclusively composed of an S-layer and a plasma membrane but will also lead to new techniques for studying membrane functions (for a review, see references 12, 15, and 16). In this paper, we describe simple strategies for the reassembly of S-layer subunits isolated from Bacillus coagulans E38-66 at the air/water interface and on lipid films. Previous structural, labelling, adsorption, permeability, and chemical modification studies (14, 18, 22) have shown that the S-layer lattice from this organism is a highly specialized supramolecular structure. The characteristic features can be summarized as follows: (i) composition of identical nonglycosylated protein subunits (Mr, 100,000); (ii) oblique lattice symmetry with lattice constants of a = 9.4 nm, b = 7.4 nm, and base angle -y = 800; (iii) anisotropic topographical surface properties; (iv) very precise molecular sieving properties with chargeneutral pores preventing unspecific molecular adsorption; (v) free negative charges within indentations on the outer surface allowing binding of small positively charged macromolecules or isolated polymer chains; (vi) a charge-neutral characteristic of the more elevated domains on the outer surface; (vii) a net negatively charged inner surface; and (viii) an outer surface which is more hydrophobic than the inner face.
Isolation of S-layer subunits and assembly conditions. B. coagulans E38-66 was kindly provided by F. Hollaus (Osterreichisches Zuckerforschungsinstitut, Fuchsenbigl, Austria). Growth of the bacteria in continuous culture is described in reference 31. Cell wall preparations and extraction of the S-layer protein with guanidine hydrochloride (5 M in 50 mM Tris hydrochloride buffer [pH 7.2]) were performed as described in reference 31 . Guanidine hydrochloride extracts containing 5 mg of protein per ml of buffer were dialyzed against CaCl2 solution (10 mM in distilled water, 2 h at 20'C) (14) , and subsequently the self-assembly products were sedimented for 15 min at 40,000 x g at 40C. The The monolayer was also confirmed by digital image reconstructions (data not shown). Advanced stages of the dynamic process of formation of a closed monolayer at the air/water interface are shown in Fig. la to c . Negatively stained preparations of early stages of the assembly process (not shown) indicated that in the initial phase of lattice formation oligomers and/or small crystallites had randomly bound to the air/water interface. Concomitantly, crystal growth was initiated at several distant nucleation points and locally terminated when the advancing front regions of neighboring crystalline areas had met. No overlaps at the boundary lines were observed. A comparison of the handedness of the oblique lattice on intact cells (14, 22) and in the crystallites revealed that the monolayers were associated with the air/water interface with their outer face (Fig. 2a) . The total size of the recrystallized protein layer was estimated by placing several grids at different locations onto the surface of the 45-cm2 large compartment of the trough. Irrespective of where the grids had been placed on the interface, all were completely covered with an S-(mono)layer. Therefore, the size of the crystalline area must have been equivalent to the surface area of the compartment.
Large-scale recrystallization of S-layer subunits from B. coagulans E38-66 obtained on DPPC (Fig. id) and DPPE (not shown) monolayers was also successful. As on the air/water interface, the S-layer subunits assembled on the phospholipid films into closed, polycrystalline monolayers. As could be determined by the orientation of the base vectors of the oblique lattice (Fig. id) , which was a mirror image of the crystalline arrays formed at the air/water interface, the subunits had bound with their net negatively charged inner face (14) to the hydrophilic head groups of DPPC and DPPE (Fig. 2b) . The composite S-layer-lipid film structures could be transferred onto carbon-coated grids without destroying the crystalline structure. The random orientation of the individual crystallites and their boundary lines indicated that crystal growth was governed by mechanisms equivalent to those on the air/water interface.
The two dominant forces determining the orientation of the S-layer subunits with respect to the air/water and lipid interfaces must be hydrophobic and electrostatic interactions (6) . Although proteins generally exhibit a strong tendency to unfold upon adhering to hydrophobic interfaces and to expose their hydrophobic parts, the S-layer proteins of B.
coagulans E38-66 did not denature on the air/water interface and maintained their ability to form coherent monolayers. The observation that the recrystallized S-layer was associated with the air/water interface with its more hydrophobic outer face was in agreement with previous recrystallization experiments on solid surfaces (14) .
The observation that the S-layer of B. coagulans E38-66 was oriented towards the phospholipid films with its inner face led to the conclusion that primarily electrostatic interactions between the exposed carboxyl groups on the inner face and the hydrophilic, zwitterionic head groups of DPPC and DPPE were responsible for the defined orientation of the subunits.
The possibility for generating large-scale coherent S-layers at an air/water interface or on lipid films and for handling such layers by standard Langmuir-Blodgett techniques (16, 34) opens a broad spectrum of applications. For studying the physicochemical surface properties of S-layers, the crystal- allow definition of the orientation of the layer (inner or outer face, lipid or protein side) on the support (16) . In comparison to unsupported membranes, lipid films associated with S-layers are much more stable structures. Particularly after crosslinking with glutaraldehyde, S-layer-lipid composite structures can be spread over porous matrices and apertures. At present, we are studying S-layers which have recrystallized at the air/water interface or on lipid interfaces as supports for reconstituted biological and synthetic membranes. The latter are bimolecular phospholipid membranes and tetraether lipid membranes (3). Such composite structures generated by Langmuir-Blodgett techniques will closely resemble those archaebacterial envelope structures which are exclusively composed of an S-layer and a closely associated plasma membrane (for reviews, see references 2, 8, 12, 24, and 26). Spread over apertures, they allow combination of functional studies of membrane-associated or integrated molecules (16) with structural studies by transmission electron microscopy and scanning tunneling or atomic force microscopy.
